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New grazing-exit electron-probe microanalysis~GE-EPMA! equipment is developed. In GE-EPMA,
characteristic x rays are measured at the grazing-exit angle. X rays emitted from deep positions in
the substrate are reduced under grazing-exit conditions; therefore, surface-sensitive analysis is
possible with low background. In previous equipments, the sample holder was tilted to change the
exit angle. In this new equipment, the energy-dispersive x-ray detector is moved to change the exit
angle, and the analyzed position is stable even if the exit angle is changed. Therefore, this equipment
is useful especially for particle analysis. The new GE-EPMA equipment is applied to Pd–Se–Te
single-particle analysis. Although it was difficult to measure the SeKa line at an exit angle of 45°
due to the large AuLb radiation emitted from the Au substrate, SeKa was measured without any


















































Electron-probe microanalysis~EPMA! is a well-known
method for localized analysis.1 It is easy to use an electro
probe of small diameter of less than 1mm, although the
minimum diameter of an x-ray microprobe used in x-r
fluorescence analysis is about 10mm. There are many appli
cations of EPMA to quantitative analysis.2–5 Electron-
induced characteristic x rays are emitted in the region fr
the surface to the depth of about 1–2mm, depending on the
type of materials and the accelerating voltage of the elec
beam. Since the analyzed depth of a fewmm is too large,
EPMA is not considered as a surface analytical meth
There are some requests of surface analysis using EPM
secondary electron microscope~SEM! energy-dispersive
x-ray spectrometer~EDS! in the field of the semiconducto
industry. So far, surface analysis of EPMA has been p
formed by using low-energy electrons,6–8 because the pen
etration depth of the electron beam becomes small as
electron energy decreases. However, in this case, analy
x-ray lines in the energy region more than the accelera
voltage cannot be used. It is also important to investig
small particles on Si wafers in the manufacturing process
semiconductor devices, because such particles affect
properties of the devices. When the diameter of the parti
is very small, electrons easily pass through the particle,
then strong characteristic and continuous background x
are emitted from the Si wafer. These x rays disturb part
analysis.
The recently developed grazing-exit EPMA~GE EPMA!
would be an answer for the above-mentioned requests.9–11 In
GE EPMA, characteristic x rays are measured at small ta
off ~grazing-exit! angles. X rays emitted from deep positio
in the sample are strongly absorbed in the long path to
detector. In addition, these x rays are refracted at
surface12 and they are cut by the sides of the slits placed
a!Electronic mail: tsuji@imr.tohoku.ac.jp3930034-6748/2001/72(10)/3933/4/$18.00


















front of the x-ray detector. Therefore, only the x rays emitt
from the surface are measured under grazing-exit conditio
It is also possible to measure a small single particle o
substrate with low background.13
II. EXPERIMENTAL ARRANGEMENTS FOR GE EPMA
It is a key point to control the exit angle in GE-EPM
measurements. To change the exit angle, we can cons
two experimental setups, as shown in Fig. 1. In the fi
experimental arrangement@Fig. 1~a!#, the sample holder is
tilted to change the exit angle, and the EDS is fixed~stable!.
The commercially available EPMA~or SEM-EDS! has a
function to tilt the sample holder, and the x-ray detector
usually strictly connected to the vacuum chamber. Theref
it is easy to apply the first setup@Fig. 1~a!# to the conven-
tional EPMA apparatus. However, if the sample surface
not placed exactly on the center of rotation, the analyz
position moves when the sample stage is tilted. The incid
angle is also changed by tilting the sample holder. Actually
is very difficult to set the analyzed position exactly at t
center of rotation. Therefore, this arrangement is not suita
for localized analysis and single-particle analysis.
In the second setup shown in Fig. 1~b!, the EDS is
moved to change the exit angle instead of tilting the sam
Therefore, the analyzed position is stable. This is a me
especially for particle analysis. However, the x-ray detec
has to be fixed on az-axis translation stage, and it has to b
connected to the vacuum chamber of the SEM using a fl
ible tube. In this article, recently developed GE-EPM
equipment of the second type is introduced, and its appl
tion to single-particle analysis of Pd–Se–Te is shown.
III. EXPERIMENTAL SETUP
Figure 2 shows the experimental setup of the new G
EPMA equipment, which consists of the SEM~JSM-5500,
JEOL, Japan! and the EDS~high-purity Si detector, Horiba
Japan!. The electron beam~accelerating voltage: 20 kV! ir-3 © 2001 American Institute of Physics
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Downradiated the sample at a right angle. The characteristic x
were measured at a direction of 90° from the electron be
The distance between the sample and the top of the EDS
85 mm. A slit ~0.5 mm in width! was attached on the top o
the EDS. This slit consists of two Ta plates, and the width
this slit is adjustable. The divergence for x-ray detection
pends on both the slit width and the distance between
sample and the EDS. In the case where the slit width is
mm and the distance is 85 mm, the divergence is about 0.
This is enough to distinguish between the x rays emit
from the surface and the x rays emitted from the substra
The EDS was attached to the vacuum chamber of
SEM using a flexible stainless-steel tube. The flexible tu
makes it possible to move the EDS in the vacuum. Since
flexible tube is shrunk in the vacuum, the tube loses its fl
ibility. Thus, as shown in Fig. 3, two stainless-steel b
~props! were attached parallel to the flexible tube. Two line
movement guides were also attached to the ends of the
bars. Therefore, the EDS can be moved up and down kee
the distance between the SEM and the EDS constant.
The EDS was placed on az-axis stage~ZA10-03, Kohzu,
Japan!, which was controlled with a stepping motor~mini-
mum step: 0.5mm!. A computer controlled both the steppin
motor and the multichannel analyzer~MCA98-B, Laboratory
Equipment, Japan!. The exit-angle dependence of the ch
FIG. 1. Experimental arrangements of GE EPMA. Characteristic x r
exited by electron beam are detected at grazing-exit angles.~a! To change
the exit angle, the sample holder is tilted.~b! The x-ray detector is moved
FIG. 2. Experimental setup of GE EPMA. The GE-EPMA equipment c
sists of SEM and EDS, which are connected with a flexible stainless-s



















acteristic radiation intensity was automatically measured
ing this computer.
IV. SAMPLE
To demonstrate the analytical performance of the
EPMA, particles of Pd–Se–Te were measured. Trace an
sis of Se and Te in stainless-steel~or high-purity metals!
samples is important because these elements influence
strength of the stainless steel. To analyze Se and Te, t
lements have to be separated from the Fe matrix.14 As a
result of the separation procedure using Pd, powders of
Se–Te~2:1:1! are obtained.
Here, Pd–Se–Te particles were prepared as follows:14,15
Se and Te metal were dissolved in HNO3 solution, and Pd
metal was dissolved in HNO3–HCl ~3:1! solution. The solu-
tions of these elements~Pd:Se:Te52:1:1! were transferred
into an erlenmeyer flask. Then, 5 ml of H2SO4 were added,
and the solution was heated to fume on a heating plate. A
cooling at room temperature, the solution was diluted w
95 ml of water. Next, 2 g of ascorbic acid were added, an
the solution was stood with a ground stopper at room te
perature for 24 h. After standing, the Se–Te–Pd precipi
was collected through a membrane filter~pore size; 0.2mm!.
These Pd–Se–Te particles were suspended in ethanol
tion, and then a small droplet of the suspension was dep
ited on a Au thin film using a pipette. The Au thin film~100
nm! was deposited on a Si wafer by the vacuum evapora
method. After drying, single particles were obtained on
Au–Si substrate.
V. RESULTS AND DISCUSSIONS
A single particle~diameter: about 2mm! of Pd–Se–Te
was measured by GE EPMA. Figure 4 shows the gross
tensities of PdLa, TeLa, Au La, and SeKa lines as a
function of exit angle. These curves were obtained with
step angle of 0.01° and a counting time of 400 s. Althoug
took totally about 12 h to measure this scan, the elect
beam irradiated the same position of the particle during
measurement. Previously, we tried to measure this ang
dependence for a Mg-salt particle.9 However, the exit angle
was changed by manually tilting the sample holder at t
time; therefore, the analyzed position was also changed,
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DownThe curves shown in Fig. 4 were obtained keeping
sample stable. Therefore, we can assume that the curv
Fig. 4 show the real angular dependence of the character
x-ray intensity.
As shown in Fig. 4, we obtained a clear difference b
tween the angular-dependent curves for the particle~PdLa
and TeLa! and for the substrate (AuLa). In the case of
x-ray emission from the particle, such x rays are emit
homogeneously to various directions. As shown in Fig.
PdLa was detected below 0° due to the considerable he
of the particle.9 At negative exit angles, characteristic x ra
emitted from the single particle can be detected with l
background from the substrate. On the other hand, it is th
retically expected that the x-ray intensities of AuL lines are
very weak at grazing-exit angles, as described below.
The accelerating voltage was 20 keV, therefore, the e
tron beam could penetrate the small particle, and excite c
acteristic x rays from the Au–Si substrate. However,
shown in Fig. 4, the characteristic x rays of AuLa were very
weak at the grazing-exit angles. We can explain these res
by considering the critical angle. The critical angle (uc),
where the characteristic x-ray intensity drastically increas
can be approximately described by the following equati
uc71.65(rZ/A)
1/2/E, wherer is the density of the substrate
Z is the atomic number,A is the atomic weight, andE is the
energy of the x rays.16 In the case of AuLa, uc is about
0.47°. That is, AuLa x rays are expected to be weak
angles below 0.47°.
The x-ray spectra were taken for the same particle
different exit angles. Figure 5~a! presents an x-ray spectrum
measured at an exit angle of 45° after the sample holder
tilted at 45°; therefore, the incident angle of the electr
beam was also 45°. In this spectrum, SiKa emitted from the
Si wafer was dominant. AuMa, Au La, and AuLb were
also detected; however, it was not possible to recogn
TeLa and SeKa due to the large background intensity.
Figures 5~b! and 5~c! show x-ray spectra taken at th
grazing-exit angles of 1.14° and 0.12°, respectively. SiKa
was not detected in both spectra, in addition, any Au cha
teristic x-ray lines were not observed in the spectrum of F
5~c!. As previously pointed out,17 it is clearly shown that the
characteristic x rays emitted from the substrate are drastic
reduced at grazing-exit angles.
FIG. 4. Gross intensity of the characteristic x-ray intensity as a function
the exit angle. The sample was a single particle~about 2mm! of Pd–Se–Te
deposited on a Au–Si substrate. These curves were measured at a step





















Furthermore, in Fig. 5~b!, it was difficult to distinguish
SeKa ~11.21 keV! from AuLb ~11.44 keV! due to the large
Au Lb peak and the poor energy resolution of the ED
SeKa was just overlapped on the shoulder of the AuLb
line. However, in Fig. 5~c!, Au signals disappeared from th
spectrum, as a result, the x rays of PdLa, TeLa, and SeKa
were detected with low background. Especially, SeKa could
be first recognized after the Au characteristic x rays dis
peared under the grazing-exit conditions. If the single p
ticle deposited on the substrate includes the element th
also included in the substrate, it would be impossible to d
tinguish the x-ray radiations of such an element emitted fr
the particle and substrate by conventional EPMA. T
grazing-exit measurement is useful in solving such an ov
lapping problem for particle analysis.
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